Introduction: In addition to its role in apoptosis suppression, Bcl-2 has been reported to be co-expressed with neuroendocrine markers in several tissues, leading to speculation that this oncoprotein may promote neuroendocrine differentiation.
Bcl-2 is an anti-apoptotic cellular protein [1] . Studies have shown that elevated expression of this protein is associated with several malignancies [1] [2] [3] [4] . Models of over-expression suggest that Bcl-2-dependent inhibition of apoptosis is important in tumour formation [1] [2] [3] [4] . In addition to its well-characterised role in the suppression of programmed cell death, evidence exists that Bcl-2 is expressed both in true neuroendocrine cells and in cells that have acquired a neuroendocrine phenotype [5] [6] [7] , leading to speculation that this protein may not be involved solely in cytoprotection. For example, the anterior pituitary neuroendocrine cells of the adult rhesus monkey represent the only brain cell population consistently exhibiting a non-microglial pattern of Bcl-2 expression [5] . Bcl-2 and neuroendocrine marker co-expression has also been demonstrated in a range of histologically distinct lung tumours [6] . In this study Bcl-2 expression was found to be closely associated with the neuroendocrine differentiation of tumour cells, leading the authors to suggest that this protein may be involved in cell development and differentiation [6] . Similarly, in colon carcinoma cells and neighbouring crypt cells, elevated Bcl-2 expression has been found to correlate with the expression of a number of bioactive neuroendocrine markers. Double immunostaining techniques were used to retrospectively analyse whether advanced colorectal carcinomas and tumour neighbouring mucosa produced both Bcl-2 and a range of gastrointestinal neuropeptides. These workers provided evidence that Bcl-2 immunoreactivity correlated with the expression of key neurohormonal polypeptides and amines including vasointestinal polypeptide (VIP), pancreatic polypeptide (PP), and somatostatin in both carcinoma tissue and in the neighbouring mucosa, and suggested that in this setting Bcl-2 may promote endodermal stem cell neuroendocrine differentiation [7] . Similarly, Azzoni et al. [8] reported that in the normal oxyntic mucosa Bcl-2 was consistently expressed by a distinct population of neuroendocrine cells located predominantly in the central mucosal layer, suggesting a role for the protein in the migration of maturing endocrine cells. These authors also found that increased probability of gastric carcinoid development was paralleled by greater Bcl-2 expression in hyperplastic oxynic endocrine cells. Indeed, they found that the ratio of Bcl-2 to chromogranin A (CGA)-positive cells was highest in atrophic fundal gastritis, a condition conferring the highest risk of carcinoid development, and lowest in sporadic Zollinger-Ellison syndrome, a condition characterised by virtually no risk [8] .
In addition to studies reporting a correlation between the levels of expression of Bcl-2 and those of neuroendocrine biopeptides, this oncoprotein has also been reported to be physically associated with the neuroendocrine-associated reticulon (RTN) family member RTNxs [9] . Tagami et al. [9] found that the interaction between Bcl-2 and RTN-xs sequestered the former in the endoplasmic reticulum, thereby reducing its anti-apoptotic activity. While this study employed cell culture models of Bcl-2 over-expression, the putative modulation of levels of RTN-xs, its family members, or indeed any other neuroendocrine markers, by this oncoprotein was not reported. The aim of the current study was, therefore, to examine the relative levels of a panel of neuroendocrine markers in an established cell culture model of Bcl-2 over-expression in order to determine whether Bcl-2 positively modulates levels of these biopeptides.
Materials and methods
The cell lines employed in the current study were rat adrenal phaeochromocytoma (PC12) cells genetically engineered to constitutively over-express Bcl-2 (PC12 HB2-2 and PC12 HB2-3) and their mock-transfected controls (PC12 V1 and PC12 V4) [10] . In addition, a well-characterised PC12 model of Cox-2 over-expression (PCXII) and their mock-transfected controls (PC-MT) were employed in optimisation experiments [11] . In PCXII cells exogenous Cox-2 expression is induced by the addition of isopropyl-b-D D-thiogalactopyranoside (IPTG, 2.5 mM) to the cell culture media [11] .
All cell lines were cultured on sterile plasticware obtained from Iwaki, Japan. Cell culture media including DulbeccoÕs modified EagleÕs media (DMEM), heat-inactivated horse serum (HS), and foetal calf serum (FCS) were obtained from Invitrogen Life Technologies, CA, USA. Trypsin, versene, and all supplements used during culture were obtained from Sigma Aldrich, Missouri, USA. Rat-tail collagen type I was from Roche Diagnostics, Germany.
For immunocytochemistry, cells were cultured in collagen-coated BD Falcon slides which were obtained from BD Biosciences, UK.
The primary antibodies for immunocytochemistry included antiCox-2 (SC-1745, Santa Cruz Biotechnologies, USA), anti-CGA (20085, Diasorin, USA), and anti-Protein Gene Peptide 9.5 (PGP 9.5) from UltraClone, UK. The remaining primary antibodies used in immunocytochemistry [namely anti-vasostatin (VST-1), anti-intervening peptide (IP), anti-neuron specific enolase (NSE), and anti-pancreatic polypeptide (PP)] were produced in-house [12] [13] [14] . Swine antirabbit fluorescein isothiocyanate (SWAR-FITC) was obtained from DakoCytomation, Denmark (F0205), the biotinylated donkey antirabbit (BAR)-streptavidin-FITC system (RPN 1004 and 1232, respectively) came from Amersham Biosciences, UK, and rabbit antigoat fluorescein isothiocyanate (RAG-FITC) was also supplied by DakoCytomation (F0233).
For experiments all cells were routinely subcultured in growth media onto collagen-coated slides. The following day growth media were replaced with restriction media (DMEM, 0.5% horse serum/calf serum). In the case of PC-MT and PCXII cells restriction media also routinely included IPTG (2.5 mM). Media were removed from cells 18-24 h later and these were washed three times in PBS (0.15 M sodium chloride, pH 6.0, containing 0.03 M sodium dihydrogen orthophosphate-1-hydrate and 0.09 M anhydrous disodium hydrogen orthophosphate). The cells were then fixed in 4% paraformaldehyde (30 min, 4°C) after which they were washed three times in PBS. Primary antibodies, namely anti-Cox-2 (1:100) anti-CGA (1:500), anti-NSE (1:50), anti-PGP 9.5 (1:400), anti-IP (1:400), anti-PP (1:200), and anti-VST-1 (1:200), were then applied as appropriate. These primary antibodies were diluted in PBS containing 0.5% bovine serum albumin Fraction V, 0.5% Trition X-100, and 0.015 M sodium azide (antibody diluent). Brain cortex, brain cerebellum, pancreas head, and ileal carcinoid tissue sections were employed as positive controls for the expression of NSE, PGP 9.5, PP, and VST-1, respectively, with adrenal medulla tissue sections serving as positive control for CGA and IP. For immunocytochemistry, negative controls included were a secondary antibody only (antibody diluent) control and the appropriate serum control (1:500). The cells were then placed in an immunostaining chamber and left at 4°C overnight.
Following this incubation the cells were washed with PBS (3 · 5 min). The appropriate secondary antibodies were then applied to the cells, namely SWAR-FITC for anti-IP, anti-PP, and anti-VST-1 (1:100, for 1 h at room temperature in darkness), RAG-FITC for antiCox-2, and BAR-streptavidin for anti-CGA, anti-NSE, and anti-PGP 9.5. The latter was applied in a two-step process. First cells were incubated with BAR (1:100 for 30 min at room temperature). Following a PBS wash, the cells were then incubated in streptavidin-FITC (1:200 for 30 min in darkness at room temperature).
Following incubation, the cells were washed in PBS in the dark for 20 min. Coverslips were then applied to the slides using 0.1 M PBS/ glycerol (1:9; v/v) containing 2.5% 1,4 diazabicyclo(2,2,2)octane (antifade). The slides were viewed under the fluorescence microscope and images were taken. The fluorescent microscope used was fitted with exciter filters that produced blue light (495 nm) for the excitation of fluorescein.
Quantification of the fluorescence intensity emitted by the FITC tag was undertaken by two independent observers. Fluorescence intensity was scored on 4 mark scale ranging-negative (À), weakly positive (+), moderately positive (++) or intensely positive (+++). For each of the six neuroendocrine markers, five independent experiments were carried out on all four cell lines and images were recorded.
For immunoblotting, cell lines were routinely subcultured from confluent T25 flasks at a split ratio of 1:10 in order to achieve 70-80% confluency at time of cell lysis. Growth media were replaced with restriction media, À/+ 2.5 mM IPTG, 18-24 h prior to cell lysis. Routinely, cells were placed on ice and restriction media were removed. Cells were then washed three times with ice-cold PBS. Following the complete removal of PBS, cells were lysed in hypotonic lysis buffer, 50 mM N-2-hydroxyethylpiperazine-N 0 -2-ethanesulphonic acid (Hepes), pH 7.5, containing 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EGTA, 10% glycerol, 1% Triton X-100, 1 lg/ml aprotinin, 1 lg/ml leupeptin, 1 mM phenylmethylsulphonyl fluoride, and 200 lM orthovanadate (100 ll) as described previously [11] . Samples standardised for protein were separated by SDS-polyacrylamide gel electrophoresis using 5% and 8% acrylamide stacking and resolving gels, respectively, and immunoblotted for Bcl-2, Cox-2 or CGA expression according to the manufacturerÕs instructions (anti- Bcl-2 Statistical analysis. For each of the six neuroendocrine markers, five independent experiments were carried using the two control (V1/ V4) and two Bcl-2 over-expressing (HB2-2/-3) cell lines. On the advice of a statistician, expression of the neuroendocrine markers by the control (V1/V4) cell lines was compared by means of the MannWhitney U test. Similarly, neuroendocrine marker expression in the Bcl-2 over-expressing (HB2-2/-3) cell lines was compared by means of this statistical test. Mann-Whitney U analysis was then carried out using grouped data from the control and Bcl-2 over-expressing cell lines.
Results and discussion
In view of the reports implicating the anti-apoptotic oncoprotein Bcl-2 in the acquisition/promotion of a neuroendocrine phenotype, the current study sought to determine whether forced expression of this protein was associated with modulated levels of the neuroendocrine markers, CGA, NSE, PGP 9.5, PP, and the CGAderived peptides VST-1 and IP. A PC12 cell culture model of constitutive Bcl-2 over-expression ( [10] ; Fig.  1 ) was used in conjunction with immunocytochemical methods. Since PC12 cells are a neuroendocrine linederived originally from a rat adrenal phaeochromocytoma-which do not basally express Bcl-2 [10, 15, 16] , they represent an ideal model in which to examine the putative effects of exogenously expressed Bcl-2 on neuroendocrine peptide expression. Moreover, the use of immunohistochemical methods in the present study facilitated the semi-quantitative determination of marker expression, some of which would have proven difficult to detect by immunoblotting due to their low molecular weight.
Immunoblot analysis of the four cell lines confirmed that under basal conditions the PC12 HB2-2 and PC12 HB2-3 cell lines expressed Bcl-2, whilst the control cell lines, PC12 V1 and V4, did not ( Fig. 1; [10,15,16] ). It was next necessary to validate the methodologies chosen in order to confirm that immunohistochemical protocols would be sufficiently sensitive to detect differential neuroendocrine marker expression. In parallel with the current study expression array analysis in our laboratory involving a second, and equally well-characterised, PC12 model of Cox-2 over-expression [11] had indicated that levels of CGA were 2-fold higher in PCXII than their control (PC-MT) counterparts (Connolly et al., unpublished observations). Immunocytochemical and immunoblotting analyses were subsequently carried out to verify this observation. These experiments confirmed that, following the induction of Cox-2 expression in response to IPTG in PCXII cells ( Fig. 2A) , levels of CGA were elevated compared to those found in their control cell line (Figs. 2B and C). Interestingly, levels of NSE were similar in the two cell lines indicating that the effect of Cox-2 on CGA expression was specific and not due to a global enhancement of neuroendocrine marker expression/differentiation. Critically for the purposes of the current study, the finding that Cox-2-dependent modulation of CGA expression was clearly detected by immunocytochemistry (Fig. 2B ) validated the use of this technique for the detection of putative Bcl-2-dependent modulation of neuroendocrine marker expression in PC12 HB2-2/HB2-3 cells and their mock-transfected controls.
Having confirmed that increased expression of neuroendocrine marker expression could be detected immunocytochemically using a PC12 cell model of over-expression, levels of the neuroendocrine markers CGA, NSE, PGP 9.5, PP, IP, and VST-1 were next examined by this method in the HB2-2, HB2-3, V1, and V4 lines. This particular panel of markers was chosen since CGA, NSE, PGP 9.5, and PP represent established neuroendocrine-specific proteins/peptides whose co-expression with Bcl-2 has been demonstrated in a range of tissues [6] [7] [8] and whose expression in PC12 cells has also been reported [17] . The expression of the CGAderived peptides IP and VST-1 was also examined since, as well as representing additional, somewhat less ubiquitous, neuroendocrine biopeptides, it was reasoned that Fig. 1 . Immunoblot analysis of Bcl-2 expression in control (PC12 V1 and V4) and Bcl-2 over-expressing (PC12 HB2-2 and HB2-3) cell lines. this would allow the putative effect of Bcl-2 on CGAprocessing to be examined.
For each of the six neuroendocrine markers, five independent experiments were carried out on all four cell lines and images were recorded. Expression of all six neuroendocrine markers was confirmed in both the mock-transfected and Bcl-2 over-expressing cell lines (Figs. 3-8 ). Not surprisingly, as these represent ubiquitous neuroendocrine markers expressed in the majority of neuroendocrine cells and tissues [6] [7] [8] 17] , high levels (3+) of CGA, PGP 9.5, and NSE were demonstrated in all cell lines (Table 1) . PP and the CGA-derived peptides IP and VST-I were also detected in all four cell lines, albeit at lower levels of expression (Table 1 ; [17] ).
On the advice of a statistician, expression of the neuroendocrine markers by the two control cell lines was compared by means of the Mann-Whitney U test. Similarly, neuroendocrine marker expression in the two Bcl-2 over-expressing cell lines was compared by means of this statistical test. This analysis confirmed that no significant differences in the expression of any of the six peptides existed between paired control or paired Bcl2 over-expressing cell lines. Having thus ruled out potential clonal influences on neuropeptide expression levels, Mann-Whitney U analysis was carried out using grouped data from the control, and also from the Bcl-2 over-expressing, cell lines. Critically, no significant differences in expression were observed between control and Bcl-2 over expressing cells for any of the six neuropeptides examined (Table 2) . Given the similarity in levels of neuroendocrine marker expression between the two pairs of cell lines-with the exception of IP (control vs Bcl-2 over expressing lines; 2+ vs 1+; p = 0.07)-the finding that there were no differences between the CGA, NSE, PGP 9.5, PP, and VST-I expression levels was not unexpected (Table 2) . Taken together, these results indicate that neither neuroendocrine marker expression nor CGA processing appears to be modulated in response to Bcl-2 over-expression.
To our knowledge this is the first study to investigate whether Bcl-2 actually causes, rather than is simply associated with, enhanced neuroendocrine differentiation. It is also the first study to specifically quantify expression levels of neuroendocrine markers relative to those of Bcl-2. Obviously the results from the current study do not support the hypothesis that, in addition to its apoptosis-suppressing properties, Bcl-2 also promotes the acquisition of a neuroendocrine phenotype by positively modulating the expression of key neuroendocrine markers. As such the current results are at variance with previous reports that have suggested a link between Bcl-2 expression and enhanced neuroendocrine differentiation [6] [7] [8] . None of these reports have, however, demonstrated an inter-dependence between Bcl-2 expression and the development of a neuroendocrine phenotype, nor have they quantified relative levels of expression. For example, the association between Bcl-2 and neuroendocrine marker expression described by Ohmori et al. [7] was based on double immunostaining for Bcl-2 and several neuroendocrine markers in colon cancer tissue. While this, and similar studies [6, 8] , have confirmed that both Bcl-2 and various neuroendocrine proteins/peptides are present within the same cell, significantly, in none of these studies has a causal relationship been established.
In summary, the results of the current study do not support the hypothesis that Bcl-2 plays a role in the development of a neuroendocrine phenotype. In view of these findings it would appear that the reported expression of Bcl-2 in neuroendocrine cells [5] [6] [7] [8] relates either to the well-documented anti-apoptotic actions of this oncoprotein or to additional, as yet undiscovered, functions. Previous studies have shown that forced Bcl-2 expression suppresses apoptosis of PC12 cells [15, 16] and it has been speculated that the observed expression of Bcl-2 in oxyntic endocrine cells may promote cytosurvival during their maturation and downward migration from isthmal/neck-localised stem cells [8] . Numerous studies have documented Bcl-2 expression in neuroendocrine tumours such as phaeochromocytomas [18] , thymic neuroendocrine tumours [19] , and gastroenteropancreatic neuroendocrine tumours [20] . Investigations into the function of this oncoprotein in the pathology of neuroendocrine tumour development are, however, sparse and whether in this setting its actions differ from the apoptosis-inhibitory role it plays in more common cancers remains to be established. Shown are the immunopositivity grades from a representative experiment (n = 5). Table 2 Statistical analysis of neuroendocrine marker expression in control (V1/V4) and Bcl-2 over-expressing (HB2-2/HB2-3) cell lines Peptide V1/V4 vs HB2-2/-3 CGA p = 1.00 NSE p = 1.00 PGP 9.5 p = 1.00 PP p = 1.00 IP p = 0.07 VST-1 p = 1.00
